ABStrAct
Increased size of eukaryotic genomes necessitated the use of multiple origins of DNA replication, and presumably selected for their efficient spacing to ensure rapid DNA replication. The sequence of these origins remains undetermined in metazoan genomes, leaving important questions about the selective constraints acting on replication origins unanswered. We have chosen to study the evolution of proteins that recognize and define these origins every cell cycle, as a surrogate to the direct analysis of replication origins. Among these DNA replication proteins is the essential Cdc6 protein, which acts to license origins for replication. We find that two different species pairs of Drosophila show evidence of positive selection in Cdc6 in their highly conserved C-terminal AAA-ATPase domain. We also identified amino acid segments that are highly conserved in the N-terminal tail of Cdc6 proteins from various Drosophila species, but are not conserved even in closely related insect species. Instead, we find that the N-terminal tails of Cdc6 proteins vary extensively in size and sequence across different eukaryotic lineages. Our results suggest that choice of origin firing may be significantly altered in closely related species, as each set of replication proteins optimizes to its own genomic landscape.
IntroductIon
Precise transfer of genetic information is a basic necessity for life. Genomic DNA must be replicated accurately and packaged into daughter cells at each cell division. In eukaryotes, this is accomplished by duplication of genomic DNA in S-phase and subsequent segregation during M-phase. Considering the importance of fidelity of DNA replication, it is not surprising that the molecular components of replication systems are highly conserved from most archaea to all eukaryotes. 1 The transition to larger genome sizes and multiple chromosomes in eukaryotes also required several adaptations in DNA replication, including the coordination of multiple origins of replication to ensure both faithful and efficient duplication of eukaryotic genomes. 2, 3 Pressure to replicate efficiently dictates that these origins cannot be spaced randomly because the largest continuous replicated regions of a chromosome ('replicon') will be rate-limiting for completion of replication. This origin spacing problem necessitates a more regular spacing of origins by some means. 4 Among eukaryotes studied so far, the sequence of genomic origins of replication is well-defined only in yeasts. An 11-bp consensus binding site embedded in 200 bp suffices as an autonomous origin of replication in S. cerevisiae 5, 6 and 300 such origins are spaced throughout the S. cerevisiae genome, although these do not all fire every cell cycle. 7 A similar origin-like element has been identified in Schizosaccharomyces pombe (100-500bp, A/T rich, multiple domains), 8 but it appears that multiple sequences from the S. pombe genome bearing similar characteristics can also act as origins. 9 Generally speaking, most origins of more complex eukaryotic genomes demonstrate only weak sequence preferences 10 and it has been suggested that they can be defined in a sequence-independent manner. 11, 12 Studies of origin sequence specificity in some eukaryotes suggest that while most origins have distinct chromosomal locations, precisely which sequences have this activity are undefined, and much or all euchromatin is competent to initiate replication if necessary. [13] [14] [15] [16] How complex eukaryotic genomes accomplish this task in the absence of cis-acting sequence information is largely unknown. 17 This is in contrast to cases where DNA replication is developmentally programmed, for instance in the specific amplification of chorion genes in insects, where the origins of DNA replication are well-defined by site-specific binding of proteins; 18, 19 these origins are highly conserved across broad phylogenetic ranges. In addition, in early embryonic www.landesbioscience.com
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Cdc6 Evolution in Drosophila stages of Drosophila development, rapid cycles of DNA replication ensue and it is estimated that DNA replication is completed every 3.4 minutes; 2 at this developmental stage, origins are spaced regularly and more closely together than in somatic cells in the same organism, which accomplish DNA replication 200-fold slower. Another important factor in coordinating multiple origins of replication is ensuring that each replicon be replicated only once per cell cycle, a process carried out by the DNA replication licensing complex. DNA licensing requires the ordered recruitment of a few highly conserved proteins at origins of replication to form the pre-replication complex. This is followed by rapid removal of key components after initiation, thereby ensuring that each origin 'fires' once and only once per cell cycle. According to prevalent models of DNA replication, origins of replication are first bound by Origin Recognition Complex (ORC) proteins, 20 and these origins are 'licensed' by the binding of Cdc6 and Cdt1 proteins at the ORC. 12 This licensing allows the recruitment of the minichromosome maintenance (MCM) complex. 1, 21 The MCM complex likely acts as a helicase, opening the DNA for the initial steps of replication, 22 and proceeding along the DNA after initiation as bidirectional DNA replication forks.
Cdc6/Cdt1 binding is the primary control point in licensing the replication of genomic DNA. Besides enhancing the interactions between ORC and chromatin 23 and between Cdt1 and the MCM complex, Cdc6 is stringently regulated to insure exactly one replicative firing per origin. 12 Overexpression of Cdc6 results in continuous replication in the absence of mitosis in S. pombe, even in G 2 -arrested cells. 24 Therefore, limiting Cdc6 availability is an important step in preventing aberrant initiation. This is accomplished via proteolytic degradation in yeast and vertebrates. 1 The important control function for Cdc6 is also evident from its involvement in crucial developmental steps. In Xenopus, oocytes acquire the ability to replicate DNA during maturation upon breakdown of the nuclear envelope, and Cdc6 translation provides the sole missing factor needed to allow DNA replication, 25 a property apparently conserved in metazoans. 26 While traditional models suggest that Cdc6 acts downstream of ORC binding, recent studies have shown that the site-specific recruitment of Cdc6 to genomic DNA is sufficient to create an artificial origin of replication in mammalian cells. 27 Furthermore, recent findings suggest that the Cdc6 ATPase activity may directly regulate the stability of the ORC-Cdc6 complex; Cdc6's specificity of interaction with DNA sequences may therefore directly translate into specifying which origins will successfully 'fire'. 28 These results suggest that Cdc6 binding can influence origin choice directly.
A previous screen had suggested Cdc6 from S. cerevisiae as a candidate gene that may be evolving under positive selection. 29 Positive selection is typically seen in instances where protein sequence innovation has selectively beneficial consequences. For instance, in the screen in which Cdc6 was putatively identified, most other genes were involved in some host-pathogen conflict, where amino acid substitutions would directly lead to an evolutionary advantage (to evade host defenses, for instance). Because Cdc6 is essential, regulatory and single-copy, the possibility of positive selection led us to investigate the molecular evolution of Cdc6 in the Drosophila lineage, which presents more statistical power to detect positive selection because a large number of strains are available from multiple, closely related species. We found an unambiguous signature of positive selection acting on the Cdc6 gene in two independent species pairs of Drosophila. Intriguingly, this signature appears restricted to the highly conserved C-terminal domain, but not in the more variable N-terminal tail. Analysis of nearly 30 additional species reveals several protein segments in the N-terminal tail that have been highly conserved in the ~60 million years of Drosophila evolution. Surprisingly, these highly conserved protein motifs are absent from any of the other characterized Cdc6 proteins in other eukaryotes, even in other Diptera. Rapid evolution of such an essential DNA replication gene is very unusual. We discuss possible models that may have led to this unusual selective regime.
MAterIALS And MetHodS
Fly strains. Strains from D. melanogaster and D. simulans were obtained from the National Drosophila Species Resource Center (Tucson, Arizona) and have been previously described. 30 Various Drosophila species were obtained from the Tucson Drosophila Species Stock Center. D. trilutea was a generous gift from Dr. MT Kimura (Hokkaido University, Japan). The D. miranda flies were a generous gift from Soojin Yi (then at the Univ. of Chicago, presently at Georgia Tech University) and the D. pseudoobscura strains were a gift from Dr. Mohammed Noor (Duke University).
PCR and DNA sequencing. Primers were designed to the D. melanogaster Cdc6 gene (Primer Table included in Supplementary Information) and PCR was carried out using PCR Supermix Hifi (Invitrogen). Both strands of PCR products were directly sequenced throughout the coding region using Big Dye sequencing (Applied Biosystems) and sequences were analyzed using Vector NTI software. Sequencing of Cdc6 from a species panel was performed using primers constructed to regions of conservation between D. melanogaster and D. pseudoobscura. In most instances, species subgroup specific primers had to be employed to finish PCR and sequencing. The sequences of 12 diverse Drosophila species were used as a guide to design primers to finish sequencing. However, the N-and C-termini of Cdc6 could not be completely sequenced in some species.
Evolutionary and bioinformatic analyses. Sequences from strain and species panels were aligned using CLUSTAL_X 31 and manually adjusted for gaps. dN/dS sliding window tests were performed using alignments from pairwise alignments created in CLUSTAL_X and analyzed using Kestimator. 32 Evolutionary tests for deviations from neutrality (McDonald-Kreitman tests) were performed using DnaSP. 33 From the multiple alignment of the various Cdc6 proteins, BLOCKS of protein conservation were identified using the multiple alignment processor (http://blocks.fhcrc.org 34 ). These position-specific scoring matrices (PSSMs) were displayed as Logos, 35 a graphical representation of aligned sequences where at each position the size of each letter is proportional to the frequency of that particular residue in that position and the total height of all of the letters in the position is proportional to the conservation (information content) of the position. Letters in the logo are colored according to the physical and chemical characteristics of the amino acid residues they specify. PSSMs generated were also used to search both the non-redundant database (protein and nucleotide) and a collection of known Cdc6 proteins using the Motif Alignment Search Tool (MAST) 36,37 using the same methodology as previously described for Drosophila centromeric histones. 38 Sequences obtained by this study are deposited in Genbank under the accession nos. DQ839668-DQ839694, DQ839711-DQ839733, DQ839735-DQ839743.
Maximum likelihood analysis was performed with codeml in the PAML 3.14.1 software package. To detect selection, multiple alignments were fitted to the NSsites models that disallow positive e3
Fly 2007; Vol. 1 Issue 3 selection (M1, M7) or to models that permit positive selection (M2, M8 respectively) assuming the f61 model of codon frequencies. 39 Simulations were run with multiple starting values for dN/dS. Likelihood ratio tests were performed to assess whether permitting codons to evolve under positive selection gives a significantly better fit to the data. Similarly, multiple alignment input files were used to detect codons evolving under positive selection using the Random Effects Likelihood method (REL), in which statistical significance is measured in terms of Bayes factor (a BF > 50 is considered highly unlikely by chance). 40 We tabulated the sequencing data from the two species (Table 1) , classifying each change as either a fixed change between species (f ) or a polymorphic change between strains of the same species (p). We further classified these as either a replacement change (R) that alters the encoded amino acid residue, or a synonymous change (S) that does not alter the encoded amino acid. In the absence of adaptive evolution, the Rf:Sf ratio between species would be expected to be approximately equal to the Rp:Sp ratio between strains of the same species. 42 Two cases which would deviate from this expectation are: an excess of replacement polymorphisms within species which denotes the circulation of deleterious mutations, 43 or an excess of replacement fixed changes between species, indicating positive selection. 42 The melanogaster-simulans comparison displays an excess of fixed replacement changes ( Table 1 ). The Rf:Sf ratio between melanogaster and simulans is 12:20, while the Rp:Sp ratio within both species is 30:136 (intronic changes are assumed to be synonymous 44, 45 ). The number of fixed replacement changes deviates from the expected number at a statistically significant level (p < 0.02). This suggests that Cdc6, a single copy gene encoding an essential DNA replication licensing protein has evolved under positive selection between D. melanogaster and D. simulans. We can also estimate the rate at which adaptive changes were fixed within this gene over these 5 million years of divergence. In the absence of positive selection, we might expect only ~ 5 fixed replacement changes (30/136 x 20) . Even under a statistical cutoff of p < 0.05, non-adaptive evolution is not sufficient to explain at least two of the fixed changes between these species (i.e., an Rf:Sf of 10:20 is not significantly different from 30:136). Such a low rate of adaptive changes (a minimum of two replacements in five million years of species divergence) in Cdc6 suggests that there is a subtle selective advantage associated with adaptive changes in DNA replication.
reSuLtS

Molecular evolution of
Which domains has the adaptive evolution affected? An HKA test comparing the N-terminal tail and the C-terminal domain did not find significant differences in the polymorphism spectrum for either of the two species (p > 0.1). There appears to be virtually no evidence of higher than expected Rf (suggestive of adaptive evolution) in the N-terminal tail (10:9::23:22) which shows a high Rf but also tolerating more Rp, suggesting a lower degree of selective constraint (Table 1) . However, the C-terminal domain shows a slightly higher than expected Rf (2:11::8:114) although this is not significant overall because of the low numbers of Rf (Table 1) . There is similarly not enough statistical power to determine whether positive selection happened predominantly along the lineage leading to D. melanogaster or D. simulans although Rf:Sf ratios are comparable across the two lineages in both domains (Table 1) .
It has been suggested previously that codon bias might affect the interpretation of McDonald-Kreitman tests because this would impose stringent selection on synonymous sites. 46 To account for this possibility, we compared the codon bias acting on Cdc6 in both species. We find that the degree of codon bias in Cdc6 is not unusual (Effective number of codons: 46.37 and 46.24 47 and Codon Bias index of 0.41 & 0.42 48 in D. melanogaster and D. simulans respectively) when compared to other genes. 49 Thus, we do not find www.landesbioscience.com
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Cdc6 Evolution in Drosophila any evidence of high codon bias acting on Cdc6. Nonetheless, one approach to minimize the confounding effects of weakly deleterious synonymous mutations on the McDonald-Kreitman tests is to avoid the use of unpreferred synonymous mutations in both the fixed or polymorphic categories. 49 When we compare ratios of Rf: Sf(preferred)+i and Rp:Sp (preferred)+i, we get a ratio of 12:4 versus 30:44 (p < 0.02), which is still significant (compare to Table 1 ). This suggests that a confounding effect of codon bias is not likely to have given a false signature of adaptive evolution.
Another important caveat to the use of McDonald-Kreitman tests is that even transient relaxation of selective constraints during species' separation followed by a reimposition of selective constraints within extant populations can lead to the appearance of an elevated Rf, which might be interpreted as positive selection. This situation can be encountered either when the individual gene function is not essential (transient "pseudogene-like" phase), or in case of a gene duplication, where constraints on one particular copy are relaxed, 50 or if the population expands up significantly and selective constraints become more stringent. 42, 51 However, we can argue that all these possibilities do not apply to our current analyses. First, Cdc6 is essential, and presumed to be so throughout the evolutionary distances we have analyzed. Second, we have no evidence to suggest that Cdc6 has undergone any gene duplications in this period. Third, at least in the D. melanogaster-D. simulans pair, a significant expansion of effective population size does not appear to have affected the efficacy of the McDonald-Kreitman test. 51 It thus appears that even essential DNA replication proteins are not immune from the torrid rate of adaptive evolution seen in D. melanogaster. 52 Cdc6 evolution in the pseudoobscura subgroup. We wanted to investigate whether the positive selection signature we had observed in the melanogaster subgroup was typical of Cdc6 evolution more generally in Drosophila. To this end, we chose to investigate polymorphism and divergence patterns in an additional pair of species from a distant part of the Drosophila species phylogeny, the pseudoobscura subgroup, which diverged from the melanogaster subgroup approximately 25 mya. We chose D. miranda and D. pseudoobscura, two species that diverged about two million years ago in the pseudoobscura subgroup. 53 We sequenced eight strains each of D. pseudoobscura and D. miranda. The polymorphism maps and McDonald-Kreitman data are shown in Table 2 . For both The D. pseudoobscura/ D. miranda species showed an Rf:Sf::Rp:Sp ratio of 3:2::9:56. Like in the melanogaster subgroup, Cdc6 evolution in this species pair also rejects neutrality in the McDonald-Kreitman test (p < 0.01), which also indicates that at least 1 of the fixed changes between D. miranda and D. pseudoobscura cannot be explained in the absence of adaptive evolution. The pace of adaptive evolution is similar to that seen in the melanogaster subgroup i.e., one adaptive replacement change in approximately four million years of divergence. However, in this comparison, we were able to conclusively determine that the adaptive evolution happened in the C-terminal conserved domain along both the D. pseudoobscura and D. miranda lineages (Table 2) . Thus, in both the melanogaster and pseudoobscura subgroups, the signature of adaptive evolution is seen in the C-terminal domain of Cdc6. This is intriguing because the C-terminal half of Cdc6 encodes the AAA+ ATPase domain, which is highly conserved amongst all eukaryotes in both length and sequence, while it is the N-terminal tail that appears to be much more variable.
Molecular evolution of Cdc6 in the Drosophila lineage. To investigate the selective constraints that shape the evolution of the more variable N-terminal tail, we determined the sequence of the Cdc6 gene from 34 species within the Drosophila lineage (including seven species whose genome sequences were released before or during this study) and constructed a neighbor-joining tree with the amino acid alignments. Since Cdc6 is a single-copy, essential gene, Figure 1 provides valuable phylogenetic detail in the evolutionary analysis of Drosophila species; our phylogeny is largely consistent with previous analyses on this subject from a variety of nuclear and mitochondrial genes. [54] [55] [56] Maximum likelihood methods based on multiple alignments are a powerful means of identifying codons that are repeatedly subject to positive selection; 39, 40 identification of such codons allows the identification of functional 'surfaces' in proteins. 57, 58 However, in the case of the Cdc6 proteins, some of the fixed amino acid changes between D. melanogaster/D. simulans and D. pseudoobscura/D. miranda occur in positions that are otherwise quite well conserved in all other species. We therefore do not expect to identify these particular In order to determine whether any positions do show a signature of recurrent positive selection in the C-terminal domain, we used the codeml program and compared models of codon evolution (NSites M7) in which positive selection was prohibited, to models in which positive selection was allowed (M8). 39 We found no strong evidence for positive selection (p > 0.05). We also used the Random Effects Likelihood method 40 against this dataset and found two positions that showed suggestive evidence of positive selection (corresponding to amino acids 315 and 524 in the full length D. melanogaster Cdc6 protein, with Bayes factors of 54 and 75 respectively). This translates to a rather weak signature of recurrent positive selection, 59 suggesting that positive selection on Cdc6 is episodic and likely involves different amino acid residues in different lineages. We also identify many highly conserved blocks in the N-terminal tail of Cdc6 (Fig. 2) , using methods previously applied to an analysis of Drosophila centromeric histones. 38 The high degree of conservation of these Cdc6 blocks suggest that they carry out important roles in Cdc6 function and may mediate important protein-protein interactions, as has been shown for human Cdc6. 60 We used these highly conserved Drosophila blocks and performed a search against the non-redundant database of proteins as well as a database of selected Cdc6 proteins from various eukaryotes. To our surprise, we were unable to find significant matches to any other protein in the database, including many other arthropod Cdc6 genes (Anopheles gambiae, Aedes aegyptii, Tribolium castaneum, Bombyx mori) while blocks constructed from the C-terminal conserved domain accurately identified Cdc6 orthologs from all eukaryotes. Thus, in spite of the high degree of conservation of the protein blocks outlined in Figure 2 (many of which are as highly conserved as the C-terminal domain within Drosophila species), they are apparently not conserved even in other Dipteran species. We have found that highly conserved segments of the vertebrate Cdc6 proteins are similarly not found in other lineages (data not shown). This suggests an intriguing short-term conservation but long-term turnover of these motifs, which might contribute to the general lack of homology between Cdc6 N-termini. Indeed, when we compared the Cdc6 proteins encoded in a variety of eukaryotic genomes, we found considerable variation in length and sequence in the N-terminal tail of Cdc6 where N-termini from different Cdc6 proteins are not even homologous to each other (no significant BLAST e-values).
The variability we see in the N-terminal tail could indicate a region largely devoid of function and undergoing little selection apart from maintaining an open reading frame. This alternative is belied by the important roles that the N-terminal tails of Cdc6 are known to carry out in a variety of eukaryotes. For instance, this N-terminal tail is known to be essential in humans and likely encodes the interaction interface between Cdc6 and Cdt1. 60 Phosphorylation sites in the N-terminus appear to be important for regulation of Cdc6 degradation and chromatin binding 61 and removal of a 47-amino acid segment of the N-terminus from yeast Cdc6 prevents degradation. 62 Similarly, a conserved RXL motif in the N-terminus of Xenopus Cdc6 is required for Cyclin E binding, which may facilitate initiation and/ or prevent repeated initiations. 63 Instead, our analysis suggests that Cdc6 N-terminal tails might perform different functions in different eukaryotic lineages. This might be because specific functions in DNA replication licensing may be partitioned differently between various proteins in separate taxa, as has been recently suggested for Cdc6 and ORC1 in Drosophila. 64 Revisiting Cdc6 evolution in Saccharomyces species. Since the original observation on possible positive selection on Cdc6 was made using sliding window dN/dS analyses in S. cerevisiae, 29 considerably more sequence information has become available. We wanted to follow up on this initial finding using the complete genome sequences of a number of species that are now available. 65 We therefore performed sliding window dN/dS analyses on Cdc6 in all pairwise combinations in the sensu stricto group of Saccharomyces, but found no indication of positive selection. Thus, we were unable to recreate the original observation of positive selection 29 but we must point out that we do not know which species pairs were compared in this earlier study, and what window sizes were used in the dN/dS study. We also sequenced eight strains each of the closely related species S. cerevisiae and S. paradoxus to perform a McDonald-Kreitman test, which did not find any evidence for positive selection because there were too few intraspecies polymorphisms to have any statistical power for this test (data not shown).
Since the Cdc6 orthologs from the various sensu stricto species were well aligned throughout their length with very few indels, we also employed multiple alignment methodology using maximum likelihood techniques to ascertain whether any amino acid positions showed a consistent signature to detect positive selection. To this end, we also sequenced the complete Cdc6 gene from S. pastorianus and S. cariocanus, two additional species from the sensu stricto group, and performed REL and PAML analyses 39, 40 to detect positive selection. We found no evidence for positive selection in any of our comparisons (no positively selected sites with Bayes factor > 50 in REL analysis), 
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Cdc6 Evolution in Drosophila which all overwhelmingly suggested purifying selection as the overall theme in yeast Cdc6 evolution.
It is disappointing not to have found a signature of positive selection in yeast Cdc6 because we know of the compendium of replication origins only in S. cerevisiae, 7 and a functional analysis to evaluate the significance of Cdc6's positive selection would only currently be possible in this species. It is also surprising considering that the original suggestion that Cdc6 is under positive selection was made in yeast 29 and because this result has been widely cited in most recent reviews on which genes are shaped by positive selection. 66 68 which might impose specific biological pressures. For instance, Cdc6 serves to tightly link cell cycle and gamete surface properties in some metazoans, 69 therefore it is formally possible that sexual selection plays a role in its evolution, as has been seen extensively in sperm-egg interactions. 70, 71 Drosophila species also go through a period of rapid replication during early embryonic development (wherein the entire genome is estimated to be replicated in 3.4 minutes 2,72 ), during which delayed replication could be a significant selective detriment. 73, 74 Moreover, Drosophila have specialized tissues which uncouple DNA replication and cell division, for the purpose of ramping up gene copy number for transcriptional purposes (e.g., chorion genes). It is conceivable that pressures associated with this selective DNA amplification could provide the impetus for positive selection of Cdc6 exclusively in Drosophila. 3, 75 Another impetus for positive selection of Cdc6 could be a host-pathogen interaction. Many DNA viruses rely on host replication machineries to replicate themselves as episomes in host cells. Many others also rely on shutting down host cells at various stages of the cell cycle to ensure virus budding. In both these instances, it is conceivable that interactions with host DNA replication proteins may lead to genetic conflicts that cause the adaptive evolution of Cdc6. The selfish element need not be episomal. Selfish DNA-based transposable elements (P, mariner) use a 'cut-and-paste' mechanism for increasing their copy number. Because this mechanism does not lead to an increase in copy number, it is in the element's best interests to excise from the 'donor site' only after the replication machinery has already duplicated this site, so that the excising element can be replenished by repair machineries using the sister chromatid. 76 For DNA-mediated transposons, insertion into regions proximal to origin sequences therefore helps ensure a greater opportunity for copy number increase. One means of accomplishing this would be to use DNA replication proteins assembled on origins as a 'beacon' to guide insertion sites, perhaps by protein-protein interactions between the transposition machinery and replication proteins. Intriguingly several DNA-based transposons have 'hotspots' for insertion in the Drosophila genome, 77 and avoid inserting into heterochromatic sequences. 78 Whether this correlates with DNA replication, or transcriptional status (these two features themselves appear strongly correlated 10, 79 ) , or yet another feature of chromatin, is currently an open question. If it were replication, a genetic conflict with transposons could explain adaptive changes in Cdc6, as host genomes evolve away from this interaction. Recent findings suggest the possibility that changes in Cdc6 protein sequence might influence the pattern of replication initiation timing 27 by affecting the subset of origins that successfully fire during replication initiation. 28 Under this model, the ATPase activity of Cdc6 modulates the stability of the Cdc6-ORC complex specifically on certain DNAs, and thereby determines which DNA sequences will successfully act as origins of replication. Amino acid replacements in Cdc6's ATPase domain may therefore alter the 'preference' of Cdc6 for certain DNAs over others. The positive selection we have observed may be a result of selection for altering that pattern, presumably to optimize the time required to finish DNA replication. Changes in the replication pattern would be especially necessary in the case of large-scale changes in the genome, like large expansions or deletions, such as those that happen in heterochromatin. 2 Heterochromatic regions of the genome are especially noteworthy because they are devoid of origins of replication, [80] [81] [82] easily imposing a rate-limiting step in the replication of complex genomes like Drosophila. 2 Large-scale changes in heterochromatin, by transposition, rearrangements or unequal crossing over in satellite repeats thus provide a subtle impetus to reorganize the landscape of replication origin firing. These adaptive changes could be due to selection of newer origins of DNA replication, either by direct DNA binding preferences 28 or by protein-protein interactions with heterochromatin proteins. A large-scale two-hybrid screen of interactions among Drosophila proteins 83 suggests that an interaction does exist between Cdc6 and a testis-specific heterochromatin protein, HP1E 84 which may be similar to the interaction between the ORC proteins, Cdc6 and HP1 in metazoans. 85, 86 Quite presciently, exactly this scenario was originally imagined by Hogness and colleagues 2 : "...We imagine that it is the heterochromatization of the regions containing the satellite DNAs that provides the mechanism for controlling the duration of S phase in somatic cells. Perhaps it is the kind, amount and distribution of the various satellite DNAs in the centromeric DNA that determines the nature of this structural control."
Selective constraints on origins of DNA replication. What selective constraints act on origins of replication? Computational analyses of putative replication origins in mammalian and yeast genomes suggest that the majority of 'predicted' origins of replication can be preserved for tens of millions of years in yeast 87 and mammals. 88 However, in a complex eukaryotic genome with thousands of origins of DNA replication, each individual origin of replication is likely to be only minimally preserved by purifying selection. This important issue is unlikely to be suitably addressed in an appropriate manner by comparative genomics, due to the large amount of effort required to identify the compendium of replication origins in even a relatively simple eukaryotic genome. 7 In this context, our discovery of adaptive evolution in proteins involved in determining choice of origins of replication is one of the strongest pieces of evidence that they are acted upon by natural selection, despite the fact that the selective coefficient of these adaptive changes may be relatively small. Under the model whereby DNA replication origins are defined epigenetically by the binding of replication proteins, this may help explain the lack of any global sequence conservation of replication origins in higher eukaryotes.
Similar 'surrogate' approaches using proteins bound to other non-coding DNA like centromeres 30 and heterochromatin 84 have also previously revealed that, like DNA replication origins, these important components of eukaryotic genomes are being actively shaped by natural selection. Indeed, there are several striking parallels between our analyses of Cdc6 and centromeric histone proteins in Drosophila; both evolve under positive selection, 30 have well defined C-terminal domains, but have N-terminal tails that evolve so rapidly that they cannot be compared across different eukaryotic taxa. 38, 89 In addition, both centromeres and DNA replication origins are genetically defined by conserved DNA segments in S. cerevisiae but are poorly defined in metazoan genomes. Since non-coding DNA like origins of replication are hard to define genetically and appear to be seemingly tolerant of a variety of mutational insults, this might tempt one to conclude that changes in these are likely of little selective consequence, by and large. Our findings challenge this view and validate the utility of our surrogate approaches to interrogate essential biological processes like DNA replication to establish the role that natural selection plays in shaping these important non-coding DNA, that are not active targets of study in comparative genomics.
